To improve the durability of total knee arthroplasty (TKA), several modifications have been made to the implant design and surgical instrumentation.[@B1][@B2] The mechanical hip-knee-ankle (HKA) axis, implant size, and soft-tissue tension are crucial factors determining the durability of TKA. The alignment of the knee joint is assessed in the frontal, sagittal, and horizontal planes and defined by anatomically relevant landmarks and axes. Accurate evaluation of these axes and planes is important to achieve an excellent limb alignment, thereby increasing the implant longevity. To ensure accurate alignment of prostheses in the sagittal and frontal planes, the extramedullary femoral rod was promptly replaced by the intramedullary rod,[@B3] which is still used as a reference. Even experienced surgeons need to use this instrument to locate the prostheses placed beyond the acceptable range with an excessive coronal malalignment (varus and valgus) or excessive posterior or anterior tibial slope.[@B4] However, traditional instrumentation might be insufficient to achieve preoperative objectives. Computerized navigation system for knee replacement surgery was first introduced as early as 1993.[@B5] Navigation facilitates delicate orientation of implants and convenience for precise alignment during surgical procedures. Despite extensive ongoing debates on the accuracy of the intraoperative alignment of the extremity and surgical outcomes with and without a navigation system in primary TKA, some studies have emphasized the superiority of navigation-assisted surgery compared with the conventional methods. Shi et al.[@B6] analyzed 15 different trials among the 111 navigated TKA procedures and found substantially better outcomes with navigated TKA compared with conventional TKA. Similarly, Moskal et al.[@B7] analyzed 47 trials among the navigated TKA procedures involving more than 7,000 knees and reported that navigated TKA resulted in better component alignment and clinical outcomes based on the Knee Society and Western Ontario and McMaster Universities Osteoarthritis Index scores. Despite the superiority of navigated surgery over conventional TKA as reported in several studies, its utility has been disputed. Surgeons preferring conventional methods have reported surgical delays when using computer navigation and poor clinical outcomes due to unexpected variations after the planned resection.[@B8][@B9][@B10][@B11][@B12][@B13][@B14] We investigated the procedural step associated with differences before and after the planned resection and the step requiring special attention during the use of the navigation system in TKA. The aim of this study was to investigate the difference between the planned values and the verified actual values when using surgical navigation system in TKA.

METHODS
=======

Patient Selection
-----------------

The study included 60 patients undergoing primary TKA for knee pain between March 2018 and July 2018. All the primary TKAs were performed by a single surgeon (MRC)using the latest version of the computer navigation system (Kick ver. 2.6; Brainlab AG, Munich, Germany). The average patient age was 68.9 years (range, 58--81 years), and the male-to-female ratio was 6:54. All patients manifested Kellgren-Lawrence grade 4 arthritic changes on plain radiographs and Outerbridge 4 cartilage changes intraoperatively. Cemented posterior cruciate ligament-substituting implants (Nexgen; Zimmer Inc., Warsaw, IN, USA) were used in all cases. The standard procedure was conducted using a tourniquet, a standard medial parapatellar approach, and the femur first technique. The computer navigation platform (Kick ver. 2.6) was connected with the pinned navigation marker. Subsequently, all surgical procedures were conducted according to the Brainlab\'s manual of instructions. Under the guidance of navigation, trial components were inserted and the mediolateral gaps were measured at full extension and at 90° flexion. Actual prostheses were inserted after a soft-tissue release was performed to minimize the gap difference (≤ 2 mm). The posterior referencing technique was applied when determining the implant size, and a smaller implant was selected for in-between sizes. All the actual prostheses were inserted when the mechanical HKA angle after the trial component insertion was within 0° ± 2° based on computer navigation. When an HKA angle was outside the range of 0° ± 2°, the value was remeasured subsequent to the soft-tissue release ([Fig. 1](#F1){ref-type="fig"}).

Data Collection and Analysis
----------------------------

Preoperative assessments included radiographic measurements (anteroposterior \[AP\] standing knee view, lateral view, Rosen\'s view, skyline patella-femoral joint view, whole lower extremity scanogram, and AP lateral view scaled to preoperative template measurement) to evaluate preexisting deformity. Patient\'s sex, age, body mass index (BMI), preoperative function (Oxford score), and anatomic deformity were analyzed by an external investigator (SHJ) who did not participate in surgery. TKA was performed by the same single surgeon (MRC) in all cases. The appropriateness of the navigation system in serial procedures during the operation was investigated step by step. First, we recorded the duration of navigation landmark registration. The planned anterior and distal femoral cutting levels were then recorded and compared with the actual verified values after cutting. The cutting level and alignment of the tibia were recorded and compared with the verified actual values after surgery. The implant size was assessed preoperatively using the template, after landmark registration using the navigation system, and intraoperatively using the femoral sizing apparatus. After implantation, we analyzed and compared the HKA angle, the component alignment, and mediolateral gap in full extension. The HKA angle was determined at 3 months postoperatively in the outpatient department and compared with the intraoperative HKA angle. An outlier was defined as a case beyond the standard 0° ± 2° and measured twice by an investigator (SHJ) who did not participate in surgery.Another single clinician (SKS) who did not participate in surgery conducted the radiological assessments. The Oxford score was evaluated at postoperative 1 year. Statistical analyses were conducted using IBM SPSS ver. 25.0 (IBM Corp., Armonk, NY, USA) and the statistical significance was set at *p* \< 0.05.

We conducted this study in compliance with the principles of the Declaration of Helsinki. Institutional Review Board of Daegu Catholic University Medical Center reviewed and approved the protocol of this study (IRB No. CR-19-151), and waived informed consent.

RESULTS
=======

In the preoperative evaluation, 4 patients had valgus knees and 56 patients had neutral or varus knees. Patients exhibited an average of 7.9° ± 8.6° of varus (range, 24° varus to 21° valgus) alignment in the coronal plane. The average Oxford score determined at 1 year postoperatively was 38.92 ± 2.76. The average time spent on the registration process was 242 seconds (range, 205--345 seconds). Femoral component sizes calculated by the navigation system and measured intraoperatively using the femoral sizing apparatus tended to be statistically significantly larger than the preoperative femoral component sizes measured by the template (*p* \< 0.05). The intraoperatively selected femoral size was also statistically significantly smaller than the size recommended by the navigation system (*p* \< 0.05).

The average planned anterior femoral cutting coronal alignment and the AP shift were neutral (displayed as 0° angle or 0 mm cutting width on the screen of the navigation system). The average planned sagittal alignment was 1.2° ± 0.84° extension (range, 1° flexion to 2.5° extension). The actual verified anterior femoral cutting coronal alignment, AP shift, and sagittal alignment after cutting were 0.09° ± 1.65° external rotation (range, 2.5° internal rotation to 3.5° external rotation), 0.17 ± 0.71 mm anterior shift (range, 2 mm anterior shift to 2 mm posterior shift), and 0.18° ± 0.91° extension (range, 1.5° flexion to 1.5° extension), respectively. Regarding anterior femoral cutting, the difference in sagittal alignment between the planned value and the verified actual value was statistically significant (*p* \< 0.05), but there was no significant difference in the coronal alignment and AP shift.

The average planned distal femoral cutting coronal alignment was neutral. The average planned cutting level was 9.08 ± 0.40 mm (range, 9--11.5 mm). The verified actual anterior femoral cutting coronal alignment and cutting level were 0.13° ± 0.50° varus (range, 1° varus to 1° valgus) and 9.87 ± 1.39 mm (range, 8--11.5 mm), respectively. Regarding distal femoral cutting, the difference in resection level between the planned value and the verified actual value was statistically significant (*p* \< 0.05) but the difference in coronal alignment was not statistically significant ([Table 1](#T1){ref-type="table"}).

The average planned tibial cutting coronal alignment, sagittal alignment (posterior slope), lateral cutting level, and medial cutting level were neutral, 7°, 10.12 ± 0.34 mm (range, 10--12 mm), and 4.47 ± 2.17 mm (range, 2--8 mm), respectively. The verified actual tibial cutting coronal alignment, sagittal alignment (posterior slope), lateral cutting level, and medial cutting level were 0.04° ± 0.64° valgus (range, 1° varus to 1.5° valgus), 7.19° ± 0.79° (range, 5.5°--8.5°), 9.07 ± 1.45 mm (range, 5.5--13 mm), and 3.48 ± 2.00 mm (range, 1--7.5 mm), respectively. The difference between the planned and verified actual cutting levels involving tibial medial and lateral resection was statistically significant (*p* \< 0.05) but there was no notable difference in coronal alignment and posterior slope ([Table 2](#T2){ref-type="table"}).

At full extension, the average mechanical HKA angle recorded by navigation after the actual implant insertion was 0.23° ± 0.51° varus (range, 1.5° varus to 1° valgus). The medial gap and lateral gap at full extension recorded after insertion of the actual implant were 12.5 ± 2.1 mm (range, 8--17.5 mm) and 12.44 ± 1.85 mm (range, 8.5--15.5 mm), respectively. The average mechanical HKA angle at 3 months postoperatively was 0.45° ± 0.58° varus (range, 1.8° varus to 1.2° valgus). There was no outlier case.

DISCUSSION
==========

TKA with computed navigation is well known to provide clinical and radiological improvement in the alignment of components.[@B15][@B16] It was reported to decrease postoperative embolism[@B17] and blood loss even in patients with high BMI.[@B18][@B19] Lack of evidence suggesting postoperative functional improvement has been one of the factors limiting the extensive use of TKR with computed navigation. Some studies revealed there was no difference in functional outcome between navigation-assisted TKA and traditional TKA.[@B9][@B20] This could be because outcome assessment measures were gross and not powered adequately to detect statistical difference in most small size studies. These studies were also underpowered for detection of functional improvement. However, there is evidence in the literature (including a meta-analysis) showing that TKR with computed navigation improved anatomical accuracy, which led to functional improvement.[@B15][@B21][@B22]

In our study, the intraoperatively selected femoral implant size was smaller than the size calculated using the navigation system and measured with the femoral sizing apparatus during the operation. The size of the selected implant was consistent with the size measured using a preoperative template with a plain radiograph. The difference in implant size can be attributed to inadequate removal of osteophytes before registration and the preference of the surgeon for the smaller implant among those readily available.

Accurate acquisition of landmarks and directions is crucial: incorrect acquisition of these pointers or implementation of automatic plans will lead to inaccurate resection levels and sizing. The intraoperative mechanical HKA axis is recorded at the femoral head, knee, and ankle with the navigation system. The starting point of the weight-bearing axis (Mikulicz line) has an accuracy of 5 mm, which corresponds to a deviation of approximately 0.7° with a femur length of 40 cm. The mechanical axis point of the distal end of the femur is recorded at an anterolateral point of the origin of the posterior cruciate ligament. The software uses the femoral mechanical axis point to determine the varus/valgus and the flexion/extension alignment of the femoral resection planes, which in turn affects the overall leg alignment. The pointer tip at the beginning of the anterior cruciate ligament at the anterior intercondylar eminence is also held and pivoted to define the mechanical axis on the tibial plateau. The software uses the points acquired on the medial and lateral malleoli to calculate the midpoint of the talus as the distal endpoint of the tibial mechanical axis. A thicker soft tissue or draping layer around the ankle may alter the result. The foregoing procedures are important to determine the mechanical axis point, and therefore, the landmarks and pivoting steps need to be as accurate as possible. The points defined on the medial and lateral epicondyles in the distal femur define the epicondylar axis, the first of 3 references for the rotational alignment of the femoral implant. This step may determine the initial sizing of the femoral implant. The femoral anterior cortex point provides the reference for the anterior alignment of the implant and also determines the size of the femoral implant. It is important to hold the pointer tip to the anterior cortex near the most proximal point of the implant location and pivot the pointer. The software uses points acquired on the medial and lateral condyles to calculate the most distal and posterior points on the condyles. The most distal and posterior points on the femoral condyles are also used to size the femoral implant and calculate the resection level of the distal resection.

In our study, the average planned sagittal alignment involved 1.2° extension but was not neutral. It was based on extensive experience with the flexion of the verified angle after incision. The average planned cutting level was 9.08, but the verified actual anterior femoral cutting to obtain balanced flexion and extension gaps was 9.87 mm. For tibial registration, the most medial, lateral, and anterior ends are pointed to completely define the tibial contour. The tibial contour is essential for sizing and positioning of the tibial implant. The software uses the mediolateral distance to determine the corresponding implant size. The AP direction of the tibia determines the direction of the posterior slope and the neutral (0°) rotational alignment of the tibial resection plane. When defining the tibial AP direction, it is important to use the medial one-third of the tibial tubercle. To calculate the tibial resection level, the software uses the medial and lateral tibial plateau points. In our study, there was a significant difference between the planned resection plane and the actual position determined by the navigation instrument. In advanced osteoarthritic knees, bone damage on the medial and lateral plateau may lower the deepest point as the basis of the resection level acquired on high and low tibial plateaus. The tibial resection level should be decided by serial cutting and frequent gap measurement to prevent complications due to unexpected over-resection of the proximal tibia.

This study has several potential limitations. First, although all surgical procedures were performed by a single surgeon, surgical proficiency may have influenced the registration time and execution of the planned resection. After registration, the cutting block adapter was placed on the target. The software recognizes the geometry of the cutting block adapter and calibrates the alignment of the target. The goal was to align the distance between the planned resection plane and the actual position on the navigated instrument to be 0 mm or 0°. It may have been influenced by the surgeon\'s skill or the condition of the instrument such as the sawblade, which can be overcome by training or refining the instrument for precision cutting. In our study, however, the surgeons were experienced with a high volume of operations. Second, we did not consider the effects of sagittal alignment, which might be crucial for implant longevity in TKA. It was possible to precisely quantify sagittal alignment in navigation-assisted surgery. We inserted the real implant when the flexion angle was less than 5°. Third, one of the most important issues of computer navigation is that the index obtained through it may not accurately predict the postoperative condition. At full extension, the average mechanical HKA angle recorded by navigation after insertion of the actual implant was 0.23° varus, and the average mechanical HKA angle at 3 months postoperatively was 0.45° varus. In the outlier analysis of the HKA differences, no case was detected to be beyond the acceptable limit. Beneficial radiographic outcomes in TKA might be associated with excellent long-term clinical results. Fourth, cutting amount can be influenced by the sawblade thickness. However, we used the identical set of tools for navigation surgery. The gap or vertical sway between the sawblade and the slot of the cutting apparatus was minimal or absent. Fifth, the cutting procedure can be influenced by the fixation strength of an apparatus. All devices were fixed with multiple screws. Planned values were checked through slots of the apparatus before cutting. The verified values were checked on the cut surface. The changes of the planned values could be also checked through the slots after cutting. But limitations associated with the sawblade thickness and cutting apparatus can also occur in conventional TKA. It should be studied further whether the difference between the planned and verified values of femoral and tibial cutting was due to the registration step on navigation- or execution-related errors. If cutting level differences are due to cutting itself, similar errors can occur in conventional TKA.

In conclusion, it is important for surgeons to be aware of the issues associated with navigation in TKA. The system solely assists surgeon and does not substitute or replace the surgeon\'s clinical experience or responsibility.
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###### Planned and Verified Actual Values on Anterior and Distal Femoral Cutting

![](cios-12-324-i001)

  Variable              Anterior femoral cutting   Distal femoral cutting                               
  --------------------- -------------------------- ------------------------ ------------- ------------- ----------
  Planned               Neutral                    1.2° E                   Neutral       Neutral       9.08 mm
  Verified              0.09° ER                   0.18° E                  0.17 mm Ant   0.13° varus   9.87 mm
  *p*-value (\< 0.05)   0.701                      \< 0.001                 0.098         0.074         \< 0.001

AP: anteroposterior, E: extension, ER: external rotation, Ant: anterior.

###### Planned and Verified Actual Values on Tibial Cutting

![](cios-12-324-i002)

  Variable              Tibial cutting                      
  --------------------- ---------------- ------- ---------- ---------
  Planned               Neutral          7°      10.12 mm   4.47 mm
  Verified              0.04° valgus     7.19°   9.07 mm    3.48 mm
  *p*-value (\< 0.05)   0.65             0.092   \< 0.001   0.02
